0.93, knees 0.89, shoulders 0.87, fingers 0.91, p ≤ 0.001; all others r ≤ 0.40, p ≥ 0.20). The results point to both a side-general effect and a site-specific effect in the integration of proprioceptive information during active movement tasks, whereby the non-preferred limb/hemisphere system is specialized in the utilization of the best proprioceptive sources available at each specific joint, but the combination of sources employed differs between body sites.
Introduction
Following early limb positioning studies (Lloyd and Caldwell 1965; Paillard and Brouchon 1968) , recent studies by Goble and colleagues have explored asymmetries in upper limb proprioception, using both passive and active position matching paradigms, which also require interhemispheric transfer or memory retrieval of proprioceptive information at the elbow (Goble et al. 2006; Goble and Brown 2007 , 2008b , 2010 . These studies have demonstrated a non-preferred arm/hemisphere system superiority in the utilization of proprioceptive feedback in right-handed individuals (Goble et al. 2006) . However, all these results were obtained from a single upper limb joint, the elbow, so it is not known if this effect is evident at other upper and lower limb joints, such as the shoulders, fingers, knees and ankles. A question therefore remains as to whether non-preferred limb/hemisphere system specialization in proprioceptive tasks is a side-general attribute or a site-specific attribute.
Non-preferred arm/hemisphere specialization in the utilization of proprioceptive feedback has been attributed to functional differences between the roles of the preferred and Abstract Superiority of the left upper limb in proprioception tasks performed by right-handed individuals has been attributed to better utilization of proprioceptive information by a non-preferred arm/hemisphere system. However, it is undetermined whether this holds for multiple upper and lower limb joints. Accordingly, the present study tested active movement proprioception at four pairs of upper and lower limb joints, after selecting twelve participants with both strong right arm and right leg preference. A battery of versions of the active movement extent discrimination apparatus were employed to generate the stimuli for movements of different extents at the ankle, knee, shoulder and fingers on the right and left sides of the body, and discrimination scores were derived from participants' responses. Proprioceptive performance on the non-preferred left side was significantly better than the preferred right side at all four joints tested (overall F 1, 11 = 36.36, p < 0.001, partial η 2 = 0.77). In the 8 × 8 matrix formed by all joints, only correlations between the proprioceptive accuracy scores for the right and left sides at the same joint were significant (ankles non-preferred arms in bimanual tasks . That is, the role of the non-dominant arm is to statically stabilize an object for the dominant arm to dynamically manipulate, and this division of functions has conferred a non-preferred arm/hemisphere superiority in the utilization of proprioceptive feedback. Such a notion is consistent with Sainburg's proposition that the non-preferred arm/hemisphere system is specialized for static limb position control, whereas the preferred arm/hemisphere system is specialized for dynamic limb trajectory control (Sainburg 2002 (Sainburg , 2005 . Thus, during bilateral tasks such as removing a lid, or kicking a ball, joints on the non-dominant side usually work in concert to stabilize an object, or stabilize the body, for joints on the dominant side to manipulate. According to this view, all joints on the non-dominant side would be expected to perform better on position-related proprioception tasks.
However, proprioceptive asymmetry may be evident only at distal joints, not at proximal joints. It has been argued that whereas proximal musculature has been thought to be innervated by both hemispheres, more distal musculature has been considered to be innervated largely by the contralateral hemisphere (Kuypers 1982; Muller et al. 1991) . Supporting this notion, an early classical study by Roy and MacKenzie (1978) explored the accuracy of individuals when matching thumb and multi-joint arm positions without visual cues. Their results showed non-preferred left limb superiority for matching thumb position (distal), while no side differences were evident in terms of arm position matching (proximal). Similarly, in lower limb studies where knee joint position sense was measured under non-weight-bearing, partial weight-bearing and full weight-bearing conditions, the results showed no side differences in any condition (Bullock-Saxton et al. 2001) . In contrast, another study assessed more distal movement discrimination ability at both ankles across three inversion extents and found the non-preferred left ankles to be significantly better at all three inversion depths (Symes et al. 2010) . Work is thus needed to systematically test both upper and lower limbs at multiple proximal and distal joints, in order to determine whether proprioceptive asymmetry is a side-general attribute that is evident at different joints around the body.
When exploring proprioceptive ability at different joints, another important question is whether ability to utilize proprioceptive information at different joints is a body-general attribute or a site-specific attribute, that is, whether subgroups that perform better/worse on a proprioceptive task at one joint are also those who perform better/worse at other joints.
It has been suggested that joint injury may be more likely when there is a "pre-existing global deficit" in proprioception (Goldie et al. 1994) . That is, for those with such a deficit, utilization of proprioceptive information may be generally poor at different sites around the body. Therefore, if the relatively poor performers on proprioceptive tasks are those with low ability to integrate information from different sources, they will maintain their low ranking across different testing sites, and as a consequence, there will be significant correlations between the scores obtained from different body sites.
Contrary evidence, however, suggests that ability to use proprioception at different joints may not be a body-general attribute, but rather that proprioceptive ability at different joints is site-specific. If proprioception at different joints is experience-dependent, then it would be expected that athletes whose sports skills were largely based on use of a specific body part would show significantly greater sitespecific proprioceptive acuity. Consistent with this account, Muaidi et al. (2009) found significantly better knee rotation movement discrimination ability in Olympic-level soccer players than non-athletes. Thus, proprioceptive acuity is not significantly correlated across different joints with differing patterns of use. In their study of movement extent discrimination made without vision at the ankle and knee, Waddington and Adams (1999a) who also used athletes found significant correlations only between the movement discrimination scores at the two ankles and the two knees, but not between the ankles and knees on the same side. This study was, however, limited to two joints within the lower limb, and it has not been determined whether other joints in the upper limbs follow the same pattern.
It has been argued that in testing proprioceptive acuity, it is important that the tests maximize the similarity between the laboratory test and real life function, that is, maximize ecological validity (Gibson 1979) . However, there is a trade-off between maximizing ecological validity and maximizing experimental control, in that things that increase one typically reduce the other. Thus, use of straps to isolate the testing body parts, and using goggles and earmuffs to occlude vision and audition, ensures that these modalities are not available, but decreases the similarity of the test to normal function, and consequently limits generalizability (Ashton-Miller 2000) . Therefore, the current study set out to maximize ecological validity, but also to control important experimental variables, so that individuals could integrate all normally available proprioceptive information from different receptors, such as cutaneous receptors, joint receptors and muscle spindles at different joints, during task performance. We employed a battery of versions of the active movement extent discrimination apparatus (AMEDA) (Waddington and Adams 1999b; Waddington et al. 2000; Naughton et al. 2005; Symes et al. 2010; Han et al. 2011 ) that all involve active movements, made under normal weight-bearing conditions, without physical constraints, and all permit general vision while obscuring vision of the target position. In addition, the nature of AMEDA tasks ensures that information about both limb movement extent and end position is available 1 3 on every trial, and this combination allows for better performance than that which is seen with extent information alone (Magill and Parks 1983) .
By examining active movement discrimination at the left and right ankles, left and right knees, left and right shoulders and left and right finger and thumb digits of individuals with a strong right side preference, we sought to determine whether there is a side-general (both proximal and distal joints) or site-specific characteristic of proprioceptive asymmetry between the right and left sides of the body, and whether there is a body-general or site-specific attribute, in terms of the relationship between different body sites. Specifically, if proprioceptive asymmetry is a side-general attribute, individuals with a strong right limb preference would be expected to show non-preferred left side superiority at all tested joints in both upper and lower limbs, while if proprioceptive asymmetry is a site-specific attribute, non-preferred left side superiority would be evident only at some joints. Further, if proprioceptive ability is a body-general attribute, then there should be a significant positive and high correlation between the measures of movement discrimination of all joints tested, while if proprioceptive ability is site-specific, then significant positive and high correlation should be observed only between the right and left sides at the same joints, with low and insignificant correlations between different joints.
Methods

Participants
Twelve healthy young volunteers (6 males and 6 females, mean age 21.4 years, SD ± 1.4; mean height 171.4 cm, SD ± 1.4; mean weight 60.3 kg, SD ± 7.6) were recruited from an advertisement placed on a university campus notice board. All potential participants were screened prior to inclusion with a health questionnaire to rule out any current or previous conditions that could affect proprioception, in particular: (1) presence of joint injuries within the past 6 months, (2) a diagnosis of chronic diseases (e.g. multiple sclerosis, stroke, Parkinson's disease, rheumatoid arthritis, type 2 diabetes) (Wycherley et al. 2005 ) and 3) any history of visual or vestibular disturbance affecting balance (Waddington and Adams 2003; Kanegaonkar et al. 2012 ). All volunteering participants had no chronic disease, and no specific athletic, musical or other intensive motor skills training experience.
Only participants who demonstrated both strong right upper and strong lower limb preference were included. Handedness was measured using a ten-item version of the Edinburgh Handedness Inventory (Oldfield 1971) . The mean ± SD laterality quotient score for participants was +96.25 ± 4.33; range +90 to +100, where scores of +100 represent an extreme right hander and scores of −100 represent an extreme left hander. Footedness was measured using a nine-item corrected version of the Foot Preference Inventory (Kalaycioglu et al. 2008) . The mean ± SD laterality quotient score for participants was +0.42 ± 0.51; range 0 to +1, where a score of 0 represents an extreme right footer and a score of +9 represents an extreme left footer. Thus, all participants in the study were strongly right side dominant for both handedness and footedness.
The project was approved by the University of Canberra Committee for Ethics in Human Research , and before the experimental session commenced, each participant signed an informed consent form, indicating their willingness to participate.
Apparatus
For each test, a purpose-built AMEDA, used in previous studies, was employed at four body sites: the ankle (Waddington and Adams 1999b; Waddington et al. 1999; Symes et al. 2010) , knee (Waddington and Adams 1999a; Waddington et al. 2000) , shoulder (Naughton et al. 2005; Vulcetic et al. 2008 ) and fingers (Han et al. 2011) (Fig. 1a) . For the purpose of maximizing ecological validity, participants were not physically constrained or blindfolded in the AMEDA apparatus, and the psychophysical method employed has been shown to fulfil the validity criteria that have been proposed for assessing active movement function with sufficient trials to determine the ability to discriminate movement at different body sites (Ashton-Miller 2000) .
Procedure
Participants were asked to wear a loose shirt, short pants and be barefoot to eliminate any possible confounders from clothing or footwear. In all tests, vision of the relevant body segment under investigation when it reached the physical stop under investigation was obscured, to ensure the judgement was based on proprioceptive information.
The procedures for AMEDA testing of active movements of ankle inversion, knee flexion, shoulder flexion and finger pinch discrimination have been described previously (Waddington et al. 2000; Naughton et al. 2005; Symes et al. 2010; Han et al. 2011) . In brief, the AMEDA tests employed in the present study required participants to make active movements of ankle inversion, knee flexion, shoulder flexion or finger pinch to a physical stop, which can be varied, and the participant provided an absolute judgement of movement extent on return to the starting neutral position. That is, participants were asked to decide which one of the five possible movement distances they had just experienced, where there were five possible responses for each different movement distance. For each joint, a set of movement distance stimuli were selected to create a moderately difficult discrimination task.
Each participant was given a familiarization session on each test before data collection wherein they were informed that they would experience the five movement displacement distances, in order, from the smallest (moving to position 1) to the largest (moving to position 5), three times: 15 movements in total. Participants thereafter undertook 50 trials, without feedback, at each site. During each test set, trials were presented in a random sequence, 10 at each of the 5 different movement displacements. The order of testing of the two sides-right and left, and the four sites-ankle, knee, shoulder and fingers was also randomly assigned.
During the ankle AMEDA test, participants were instructed to stand astride, with the resting foot on the stable platform and the test foot centred over the axis of the swinging plate. While distributing weight evenly on both feet, with eyes looking forward at a point on the opposite wall, participants made an active ankle inversion movement at a steady pace from the horizontal fixed position, until the outer side rim of the moveable plate contacted the metal stepper motor rod. The plate was then returned to the start position at the same pace, where participants gave a judgment as to the extent of ankle inversion. The 5 predetermined ankle inversion displacements from smallest to largest were 10, 11, 12, 13 and 14 degrees.
For the knee AMEDA test, participants were instructed to stand in a lunge position facing towards to the heightadjustable knee AMEDA. The big toe of the testing leg was aligned with a tape marker on the ground, to ensure the same original testing position for both sides and that the greatest flexion movement of the knee would not pass the big toe. The knee AMEDA was then adjusted to the height of participant's patella. While standing upright, with eyes looking forward at a point on the opposite wall, participants made an active knee flexion movement at a steady pace from a neutral standing position, until their patella touched the stepper motor plate. After returning to the upright position at the same pace, participants gave a judgment as to the extent of knee flexion. The 5 predetermined knee flexion displacements from smallest to largest were 37, 38, 39, 40 and 41 degrees.
In the shoulder AMEDA test, participants were instructed to stand astride, opposite the height-adjustable shoulder AMEDA. With one arm raised overhead and the back of the hand touching the moveable plate when in the zero position, a string with a plumb bob attached was used to obtain vertical alignment of the arm with the trunk. The heel position was then marked with tape on the ground for both sides, to preserve the original testing position. While standing upright, with the eyes looking forward to a wall 5 m away, the participants then made an active shoulder flexion movement at a steady pace from a neutral standing position with arms at the sides of the body, until the back of the hand touched the stepper motor plate. After returning the arm to the start position at the same pace, participants gave a judgment as to the extent of shoulder flexion. The 5 predetermined shoulder flexion displacements from smallest to largest were 170.6, 171.2, 171.7, 172.3 and 172.9 degrees.
During the finger pinch AMEDA test, participants sitting comfortably, with the thumb and index finger in place, were Fig. 1 a illustrates the four movement extent discrimination tasks for the ankle, knee, shoulder and fingers; b shows mean movement discrimination scores (AUC ± SD) for both sides of the body at each site (*p < 0.05) asked to make, at a steady pace, an active pinch movement that moved the tubes from a fixed start position dictated by the apparatus design closer to the midline until contact with the metal stop was made by the medial rims of the tubes. Participants returned the tubes to the start position and were asked to make a judgement as to the extent of pinch movement as soon as they returned the tubes to the start position. The 5 predetermined finger pinch displacements were obtained by measuring the distance from the end of the tube in the fixed start position to the testing position when the tube contacted the rim of the metal stop. These movement distances were from smallest to largest: 5.5, 8.0, 10.5, 13.0 and 15.5 mm.
Reliability
A reliability study was conducted with a 7-day interval between the sessions, with testing at the same time each day to minimize diurnal variations in joint laxity (Calguneri et al. 1982 ) using the procedures outlined above, but with a new randomized sequence. A single examiner carried out all experiments on all subjects, to eliminate any variability from utilizing separate observers (Jobbins et al. 1979 ).
Data analysis
For each test, the raw data were entered into a 5 × 5 matrix representing the frequency with which each response was made for each stimulus. Nonparametric signal detection analysis was applied to produce pair-wise receiver operating characteristic (ROC) curves, that is, comparing responses between distances 1-2, 2-3, 3-4 and 4-5 (McNicol 2004) . Thereafter, the mean pair-wise area under the curve (AUC) was calculated using SPSS software V.18 to give each participant a single movement discrimination score. The AUC as a discrimination statistic provides an unbiased measure of ability to discriminate that is based on a signal detection theory approach to the sensory decision process (Swets et al. 1961 (Swets et al. , 2000 Swets 1996; McNicol 2004) . AUC values range from 0.5, which is equivalent to chance responding, to 1.0, representing perfect ability to discriminate between the 5 different movement extents.
Reliability between repeated trials separated by 7 days was analysed using the interclass correlation coefficient (ICC). Where ICCs are high (Fleiss 1986) , the data from two sessions can be averaged for further analysis. Repeated measures analysis of variance (ANOVA) was used to compare the data between joints of preferred and non-preferred sides to determine whether any difference existed between the same joints on either side of the body. Next, to determine whether the proprioception scores reflected the concept of proprioception as a body-general attribute or a site-specific attribute, Pearson correlations between the mean movement discrimination scores of the 4 sites-ankle (preferred/ right and non-preferred/left), knee (preferred/right and nonpreferred/left), shoulder (preferred/right and non-preferred/ left) and fingers (preferred/right and non-preferred/left)-were determined. Finally, to obtain an overall test of preferred versus non-preferred side performance, a 2 × 4 × 2 factorial repeated measures ANOVA was conducted, with factors Preference (preferred, non-preferred), Joint (ankle, knee, shoulder, fingers) and Time (week one, week two). Cohen's d (0.2 = small, 0.5 = medium, 0.8 = large) (Cohen 1992 ) was used to assess the size of effect associated with the experimental conditions.
Results
No significant test-retest difference was found between movement discrimination scores obtained at different sites of the body (ankle, p = 0.56; knee, p = 0.18; shoulder, p = 0.79; finger digits, p = 0.60) when tested 7 days apart, reflecting stability of the test scores. The ICCs for scores from testing 7 days apart at each site (ankle, knee, shoulder and fingers) were 0.96, 0.82, 0.86 and 0.88, respectively, all values which are in the high reliability range (Fleiss 1986) . Given these results, data from the duplicate trials were averaged for each joint.
Mean movement discrimination scores with standard deviations were calculated and are reported in Table 1 . ANOVA with repeated measures demonstrated a significant difference for movement discrimination between the preferred/right and non-preferred/left side of the body, with discrimination scores for the non-preferred left side significantly higher overall than for the preferred right side (F 1, 11 = 36.36, p < 0.001, partial η 2 = 0.77). Simple effects tests conducted on the movement discrimination scores at the ankles, knees, shoulders and fingers showed that the non-preferred/left side performed consistently better than the preferred/right side at all 4 paired joints (see Table 1 and Fig. 1b) . There was no overall significant main effect of time of testing (F 1, 11 = 1.47, p = 0.25, partial η 2 = 0.12), nor any interaction effect involving time of testing (all p > 0.37).
The movement discrimination scores on the right and left sides for each participant at each joint are plotted in Fig. 2 . The different ranges on the Y-axis reflect the fact that although all subjects could discriminate between the movements at the different joints to some extent, and not perfectly, the selection of movement extents to create a difficult, but not impossible, task at each joint produced a significant main effect of Joint (F 3, 33 = 78.75, p < 0.001). Cohen's d for the overall side-of-the-body effect was calculated and found to be 0.72. With respect to the main aim of the study, comparing performance of the preferred and non-preferred sides on tasks that were equally difficult, the predominance of upward sloping lines reflects general left side superiority. The majority (79 %) of the side-to-side comparisons show left superiority. The effect was significant overall and at each joint. The relative performance of individuals on the four tasks can be examined by tracing the same symbol from left to right, over the four panels. For example, participant A can be seen to perform well, poorly and mid-range over the proprioceptive tasks at different body sites.
The matrix of Pearson correlation values is reported in Table 2 . The different body sites showed significant positive and high correlations for movement discrimination only between the contralateral joints at a specific site. For correlations over different joints and sides, all r values were ≤0.40, p ≥ 0.20.
Discussion
Two important findings emerge from the current study. Firstly, for individuals with a strong preference for using their right limbs (both upper and lower), scores for discrimination of movement from the joints on the non-preferred/ left side are consistently better using the left fingers, left shoulder, left knee and left ankle. Thus, the data demonstrate a side-general asymmetry, in terms of left side proprioceptive task superiority, at multiple upper and lower limb joints. Further, this left side superiority was evident for both proximal and distal joints in the upper and lower limbs. Secondly, Pearson correlations among movement discrimination scores of the tested joints showed significant positive and high correlations only between the right and left sides of the same joint, with low, non-significant correlations between different body sites, suggesting a site-specific attribute in the way that the brain integrates proprioceptive information from sources at different pairs of joints.
A strength of the current study is that it included multiple upper and lower limb joints, in comparison with research with one pair of joints, usually in the upper body (e.g. Nishizawa 1991; Goble et al. 2006; Adamo and Martin 2009) . The finding that movement discrimination ability of right-handed/right-footed individuals is significantly better at multiple joints-their non-dominant left fingers, shoulder, knee and ankle-both extends and is consistent with previous findings obtained from a single joint (Goble et al. 2006; Brown 2009, 2010) .
The differences between the AUC mean values for the joints tested on the left and right sides in the current study on average were 0.015. The AUC measure of discrimination sensitivity has been considered to be a reliable measure of ability to discriminate that is based on a signal detection theory approach to the sensory decision process (Swets et al. 1961 (Swets et al. , 2000 Swets 1996; McNicol 2004) . The AUC is a proportion of the total area under the ROC curve (McNicol 2004) , where the total area is set at 1.0, and chance performance on the discrimination test is 0.5, generating a restriction in range of AUC scores to between 0.5 and 1.0. A consequence of this is that the absolute differences between conditions that show significant differences in performance are small. However, the standardized mean difference, SMD, or Cohen's d for the overall side-of-the-body main effect was 0.72, corresponding to a medium-large effect (1992) . Thus, although the absolute values of the differences between the left and right sides were small, the associated effect size is a medium-large one.
Although small, differences in movement discrimination between left and right sides do have real-world significance. Waddington and Adams found that the difference between the mean AUC for ankle testing under barefoot or sport boot conditions was 0.017, and the effect of adding textured insoles was 0.021 (Waddington and Adams 2003) . Error in discrimination of movements into inversion at the ankle is associated with setting the degree of ankle inversion used during the swing phase of gait and increasing the risk of tripping (Waddington and Adams 2003) . At the ankle, small differences in movement discrimination ability matter, because it is the large number of inversion movement repetitions (on average, 3.5 million steps per year) (Tudor-Locke et al. 2010 ) that potentially translates an increase in risk into a greater frequency of trip events.
The side-general nature of the effect of proprioceptive asymmetry observed here may reflect the "activity-specific nature of motor skills" (Provins 1997) or functional differences between preferred and non-preferred limbs during Fig. 2 Movement discrimination scores of each participant for the ankles, knees, shoulders and fingers. Letters A-L represent the same participant's performance on the different movement discrimination tasks. The different ranges on the Y-axis reflect differences in the difficulty of the four tasks bilateral tasks ). In daily functional activities, limbs on the preferred and non-preferred side of the body play different roles, particularly when tasks are executed in a "bilateral context" (Hart and Gabbard 1997) . In task performance, the more distinct the stabilizing role of one limb, the stronger is the preference for the other limb (Grouios et al. 2009 ). Thus, for individuals with a strong unilateral preference, the non-preferred upper limb is usually used in statically stabilizing objects in a specific position for the preferred upper limb to manipulate in some way, for example removing a jar lid or hammering a nail. Similarly, the non-preferred lower limb is usually used in stabilizing the body for the preferred lower limb to swing, for instance kicking a ball or mounting a bicycle. It is hypothesized that, over time, conditioning of joints in the limbs with repetition could lead to use-dependent neuroplastic alterations of the hemisphere contralateral to each limb ). Thus, joints in non-preferred limbs are more likely to receive more "positioning" practice, resulting in more accurate discrimination of movement, as observed here in strongly right-handed and right-footed participants. This finding is also consistent with Sainburg's proposition that the non-preferred arm/hemisphere system is specialized for limb position control (Sainburg 2002 (Sainburg , 2005 , and the results of lower limb joints in the current study indicate that the non-preferred leg/hemisphere system follows the same rule.
Results obtained here may reflect limb asymmetry in sensory feedback processing (Goble and Brown 2008b) . When performing voluntary movement, proprioception and vision are the two primary sources of sensory feedback (Goble and Brown 2008a) . Several studies have shown that visual information has a different impact on movement control in the preferred/right versus non-preferred/left arm (e.g. Honda 1982; Roy and Elliott 1986) , with greater importance of visual feedback in the movement control of the preferred/ right arm (see Goble and Brown 2008a for review) . This evidence suggests that preferred/right limb control tends to rely more on visual information than does the non-preferred/left side. Indeed, in daily activities, such as writing and kicking, preferred right limbs usually perform voluntary movements with vision available. Other evidence has indicated that although the left hemisphere plays a dominant role in movement control for right-handed individuals, the right hemisphere also has some specialized function in movement control (see Serrien et al. 2006 for review). For example, it has been proposed that the left hemisphere is specialized in the control of open-loop aspects of movement, based on well-developed motor programmes. In contrast, the right hemisphere is specialized in the control of the closed-loop aspects of movement, which are dependent on proprioceptive feedback (Haaland and Harrington 1989) . Our results suggest that the right hemisphere may rely more on proprioceptive information for the control of non-preferred/left limbs, particularly when visual cues about target location are removed and only proprioceptive information is available.
However, the results of the present study are contrary to studies that did not show proprioceptive asymmetry between joints on the right and left sides of the body (Roy and MacKenzie 1978; Waddington and Adams 1999a; Bullock-Saxton et al. 2001; Naughton et al. 2002; Han et al. 2011) . The lack of asymmetry in proprioceptive matching tasks has been largely attributed to differences in methodology, since active generation of target position in a criterion movement, for subsequent reproduction, has been thought to provide movement-related information that may enhance the matching performance of the preferred limb joint (Goble et al. 2006 ). In the current study, active movements were involved in both the familiarization sessions and testing, and results still showed a significant non-preferred side superiority in performance at each pair of joints, suggesting that other factors may underlie the lack of asymmetry observed in previous proprioceptive tests.
Firstly, most joint position reproduction (JPR) protocols for proprioception assessment usually use only 3-5 trials during the test (e.g. Bullock-Saxton et al. 2001; Zazulak et al. 2007; , and this may be insufficient to determine parameters in proprioceptive tests, as noted by Ashton-Miller (2000) . A recent study estimated that 20 % of patients with proprioceptive deficits post-stroke would be missed if only 3 trials were used rather than 10 trials and that even when 10 trials were used, not all patients with proprioceptive deficits could be identified, suggesting that 10 is insufficient to set as a "gold standard" for a JPR protocol (Piriyaprasarth et al. 2009 ). Thus, the lack of limb asymmetry observed in JPR tests may be due to their low power arising from too few testing trials. In contrast, the AMEDA tests employed here used 50 trails at each site to assess the ability to discriminate between a set of different small movements. For analysis, the movement stimuli were considered as noise and signal in a pair-wise manner, to generate AUC values for the stimulus pairs 1-2, 2-3, 3-4 and 4-5. This nonparametric signal detection method (McNicol 2004) fulfils the requirement that a measure of the actual ability of proprioceptive mechanism to the sensorimotor system must take the effect of noise into account as a limit to proprioceptive ability (Clark et al. 1995) . The greater sensitivity of the AMEDA tests may arise from a more stable mean AUC score and thus better reflect actual performance of proprioceptive mechanisms in the sensorimotor system. The high ICC scores of the reliability test at each joint support this notion. Secondly, it has been argued that JPR tests of proprioception have low validity (Laszlo 1992; Ashton-Miller 2000) , because the proprioceptive information available during target position generation and matching is not the same. The first difference between target position generation and matching is movement type. It has been suggested that in passive movement, since muscles are not active, fusimotor activity and the sensory feedback from muscle spindles are diminished. Thus, input from cutaneous receptors appears to play a greater role in sensory feedback. In contrast, in active movement control, fusimotor drive and muscle spindle feedback are both involved, although input from muscle spindles is considered to play a more dominant role (Gandevia et al. 1992; Zazulak et al. 2007 ). As a result, when a target joint position is passively generated for active matching, or vice versa, the brain may rely on different information from different receptors in the two phases, and the results may then reflect hemispheric specialization in the use of particular proprioceptive information at that joint. Further, information sources used in proprioception tests such as cutaneous receptors, joint receptors and muscle spindles differ in their relative contribution across different body sites (Proske and Gandevia 2009) . Hence, when different proprioceptive testing protocols, such as passive-active ipsilateral or contralateral matching (see Goble 2010 for a review), are used to assess proprioceptive acuity at different joints, such as distal fingers/ankles and proximal shoulders/ knees, both the source of information (Adamo and Martin 2009)-from ipsilateral or contralateral limb and the combination of proprioceptive sources-cutaneous receptors, joint receptors and muscle spindles, could possibly result in contradictory findings.
Another difference between target position generation used here and matching in JPR tests is that there is usually a physical stop at the end of the movement during target position generation, while the physical stop is removed during position matching. That is, during target position generation, information about movement extent and end position are both available, whereas only movement extent information is available when position matching. Although a movement extent/displacement matching strategy has been thought to be less effective than target position matching (see for detailed discussion), information about both limb movement extent and end position are needed for accurate judgement of limb movements (Magill and Parks 1983) . In the present study, the proprioceptive information available during familiarization and testing is exactly the same, thus eliminating possible confounders between target position generation and matching in JPR tests. Therefore, the finding here of a side-general attribute in proprioceptive asymmetry suggests that the left limb/hemisphere system is integrating all normally available proprioceptive information from different receptors at different joints in active proprioceptive tasks.
Finally, failure to control for the degree of both handedness and footedness is another possible explanation for the lack of limb asymmetries in proprioceptive tasks reported previously. Studies using the same movement discrimination method did not find limb asymmetry (Waddington and Adams 1999a; Naughton et al. 2002; Han et al. 2011) , presumably because side preference was not the main focus of the studies, and the degree of limb preference was not controlled. The present study controlled for the degree of both handedness and footedness and found that, for individuals with a strong right side preference, proprioceptive ability of the joints on the non-preferred/left side was consistently better than the joints on the preferred/right side. The handedness effect on sensorimotor performance has been investigated (Wang and Sainburg 2006; Adamo et al. 2012; Przybyla et al. 2012) . For example, a recent study ) recruited only strong left-handed individuals to perform upper limb position matching tasks and found that the sensorimotor performance of the left handers was the "mirror image" of their right-handed counterparts, implying right (non-preferred) arm/left hemisphere specialization in the use of proprioceptive feedback ).
Another important finding of the present study is that significant positive and high correlations were found only between proprioceptive accuracy scores for the right and left sides at the same joint, whereas insignificant and low correlations were observed between scores at different joints. The finding that proprioceptive ability is site-specific in the current study extends previous lower limb movement discrimination results (Waddington and Adams 1999a) to sites in both upper and lower parts of the body. Thus, the results here do not support the "pre-existing global deficit" hypotheses (Goldie et al. 1994) , rather the data are consistent with the hypothesis that sensitivity to the proprioceptive information that underlies movement control is site-specific.
In studies of patients with ankle injuries, Gauffin et al. (1988) and Waddington and Adams (1999b) have argued that the observation of poor performance of both injured and uninjured ankle favours a central motor programme view about bilateral joint movement control (Summers and Anson 2009) . Similarly, bilateral deficits in fine motor control have been reported in patients with unilateral carpal tunnel syndrome (Fernández-de-las-Peñas et al. 2009 ). The correlations in the present study support this hypothesis, suggesting that there is likely to be a control programme that is common for the same joint on the two sides of the body and that the programme uses proprioceptive information from sources that are specific to those joints. This is true at the four pairs of joints tested in both the upper and lower limbs. The non-significant, low correlations between different body sites observed here suggest that the brain may utilize different programmes to integrate proprioceptive information from different sources at different joints. This notion is in line with previous findings that deficits of knee proprioception were not associated with poor ankle proprioception (Wang et al. 2008 ) and that ankle proprioceptive ability was improved by wobble board training, while this improvement did not alter knee proprioceptive ability (Waddington et al. 2000) .
Overall, results here extend current understanding of the proprioceptive system by differentiating the side-general and site-specific effects of bilateral proprioceptive performance accuracy of multiple upper and lower limb joints. The results point to both a side-general effect and a site-specific effect in the integration of proprioceptive information during active movement tasks, whereby the non-preferred limb/hemisphere system is specialized in the utilization of the best proprioceptive sources available at each specific joint, but the relative contribution of the sources of proprioceptive information employed may differ at different sites of joints in the body.
